Turbulence is widely expected to limit the confinement and, thus, the overall performance of modern neoclassically optimized stellarators. We employ novel petaflop-scale gyrokinetic simulations to predict the distribution of turbulence fluctuations and the related transport scaling on entire stellarator magnetic surfaces and reveal striking differences to tokamaks. Using a stochastic global-search optimization method, we derive the first turbulence-optimized stellarator configuration stemming from an existing quasiomnigenous design. Throughout the history of magnetic fusion, a recurrent theme has been the surprising sensitivity of plasma performance to the details of the magnetic configuration. For instance, it has long been known that the confinement of alpha particles can be spoiled by small ripples in the magnetic field, and more recently, magnetic perturbations have been found to dramatically influence instabilities of the plasma edge [1] . Furthermore, in both stellarators and tokamaks, experiments show that the level of turbulence may be reduced by modifications to the field. As notable examples, the confinement time in the TCV tokamak is doubled by reversing the triangularity of the poloidal cross section of the flux surfaces [2] , and in the LHD stellarator the turbulent transport can be reduced significantly by adjusting the coil currents, so as to shrink the circumference of the torus by pushing it radially inwards [3] .
Throughout the history of magnetic fusion, a recurrent theme has been the surprising sensitivity of plasma performance to the details of the magnetic configuration. For instance, it has long been known that the confinement of alpha particles can be spoiled by small ripples in the magnetic field, and more recently, magnetic perturbations have been found to dramatically influence instabilities of the plasma edge [1] . Furthermore, in both stellarators and tokamaks, experiments show that the level of turbulence may be reduced by modifications to the field. As notable examples, the confinement time in the TCV tokamak is doubled by reversing the triangularity of the poloidal cross section of the flux surfaces [2] , and in the LHD stellarator the turbulent transport can be reduced significantly by adjusting the coil currents, so as to shrink the circumference of the torus by pushing it radially inwards [3] .
Stellarators typically possess 40-50 degrees of freedom in the shaping of the magnetic surfaces, an order of magnitude more than that for tokamaks [4] . This enhanced flexibility can be used to optimize various plasma properties [5] , and the latest demonstration of the power of such optimization is expected to be realized in the superconducting stellarator experiment Wendelstein 7-X (W7-X), in Greifswald, Germany [6] . A tantalizing possibility for fusion researchers is to try to exploit any leeway in the magnetic geometry to design configurations with better confinement. In W7-X, this has already been done for the collisional (so-called "neoclassical") transport, but no device built so far is optimized with respect to turbulence.
In order to understand how energy transport depends on the magnetic field, it is helpful to numerically simulate the turbulence in a large portion of the plasma. In tokamaks, because of axisymmetry, restricting the computational domain to a "flux tube," a slender volume encompassing a field line [7] , suffices to calculate the transport at a radial location. In a stellarator, however, different flux tubes on a surface are not geometrically equivalent; thus, it appears necessary to simulate the entire surface. Much has been learned from the flux-tube approach which, except for inspiring efforts [8] , has characterized stellarator turbulence simulations to date [9] [10] [11] [12] . Nevertheless, all these simulations have a major inherent drawback: the transport cannot be reliably determined, as the turbulence strength generally varies among flux tubes on the same stellarator magnetic surface. The new "flux-surface" version of the GENE code [13] [14] [15] , a massively parallel Eulerian solver of the nonlinear gyrokinetic system of equations [16, 17] , has the unique capability of simulating turbulence on an arbitrary toroidal magnetic surface (while still employing a local approximation in the radial direction), thus overcoming this problem.
In Fig. 1 , the result of a flux-surface GENE simulation of turbulence in W7-X is presented. The plasma ions are FIG. 1 (color) . Root-mean-squared electrostatic potential fluctuations caused by ion-temperature-gradient-driven turbulence in units of T i ρ Ã =e, where T i is the ion temperature, e is the electron charge, and ρ Ã ¼ 1=125 is the normalized ion gyroradius. The strongest fluctuations are contained in the red stripe on the outboard side of the surface. The resolution for the five-dimensional simulation box reads ðL r =N r ;L y =N y ;L z =N z ;L v =N v ;L μ =N μ Þ ¼ ð177=128; 128=480; 2π=128; 3=64; 9=8Þ, where r, y, z are the spatial (radial, binormal, parallel) dimensions, v is the velocity parallel to the magnetic field, and μ is the magnetic moment.L r is the dimensionless length, and N r is the number of discretization points in the radial direction, etc. The normalized ion temperature gradient is −a=T i dT i =dr ¼ 2.
treated gyrokinetically while the electrons are assumed to have a Boltzmann distribution, and the turbulence is driven by the ion temperature gradient (ITG). The strongest fluctuations are localized along a thin stripe on the outboard side of W7-X, leaving the rest of the surface relatively quiescent (we note in passing that a similar localization is also predicted for a quasiaxisymmetric stellarator configuration). This remarkable feature, which is not seen in tokamaks, affects the scaling of the transport with the parameter ρ Ã ¼ ρ i =a, where ρ i denotes the gyroradius of thermal ions and a is the (averaged) minor radius of the device. When ρ Ã → 0 holds, all transport coefficients become inversely proportional to the square of the magnetic field, something known as "gyro-Bohm scaling." This limit is observed in flux-tube simulations for tokamaks as well as stellarators, but the flux-surface GENE simulations of W7-X turbulence in Fig. 2 indicate that the transport deviates from this scaling for experimentally relevant values of ρ Ã . It is found that the distribution of curvature on the stellarator surface causes the localization of turbulence by imposing a characteristic length L c , corresponding to the variation of curvature on the surface in the direction perpendicular to the magnetic field. For W7-X, this length is very close to the minor radius and, thus, ρ Ã is a pertinent scaling parameter. In a tokamak, on the other hand, L c is roughly half the poloidal circumference, and the fluctuations cover almost the entire outboard side. In this case, the relevant parameter is ρ Ã c ¼ ρ i =L c , which is much smaller than ρ Ã , and for this matter, the transport calculated by fluxsurface tokamak simulations does not deviate significantly from the gyro-Bohm scaling.
These results have implications for the long-debated issue of transport stiffness. In tokamak experiments, the energy transport is usually observed to be stiff, in the sense that the heat flux is very small below a critical temperature gradient and increases sharply above it [18, 19] . The temperature profile is therefore almost independent of the heating power and deposition profile but highly dependent on the boundary condition at the plasma edge [20] . In stellarators, a critical gradient is still observed; however, no abrupt increase of the heat transport is usually reported [21] [22] [23] . This property, which has never received a generally accepted explanation, could be addressed by the GENE flux-surface simulations, suggesting a mild heat-flux scaling for sufficiently large ρ Ã . The possibility that reactor-sized stellarators, characterized by small ρ Ã , might suffer from stiff transport makes it desirable to control turbulence by optimizing the magnetic geometry. To demonstrate the feasibility of this concept, we present in Fig. 3 a novel stellarator-field 
FIG. 2 (color online)
. Ion-heat-flux scaling for different ρ Ã values from flux-surface GENE simulations. Here P i is the ion pressure, a is the minor radius of the torus, r denotes the radial coordinate, c i is the ion sound speed, and ρ i is the ion gyroradius. FIG. 3 (color) . The turbulence-optimized MPX stellarator design. Shown is the magnetic field strength (tesla) over a magnetic surface. MPX is the first example of a quasiomnigenous stellarator, similar to W7-X, but with reduced turbulent transport. For this proof-of-principle configuration no attempt has been made to minimize the bootstrap current (which, however, takes acceptable values) or the alpha-particle losses. "high-mirror" configuration) in such a way that the ITG transport scaling is improved while excellent neoclassical confinement is maintained. The MPX design was obtained by using the STELLOPT code to explore the configuration space by means of Differential Evolution, a populationbased global-search algorithm used previously for neoclassical optimization studies [24] . In order to reduce the ITG-mode intensity (the same principle holds also for electron-temperature-gradient-driven modes [25] ), a cost function defined as χ
rr Þ 2 , where κ − r is the negative part of the radial covariant component of the curvature and g rr the radial contraviariant metric element, was minimized. STELLOPT thus had the opportunity to suppress ITG transport by making the effective instability weaker, either by reducing the unfavorable (also known as "bad") curvature or by increasing the distance between adjacent flux surfaces in locations where the curvature is strong. The neoclassical transport was kept low by including the effective magnetic ripple ϵ eff [26] in the total cost function.
In the STELLOPT optimization, shown in Fig. 4 , it was found that about three-fourths of the explored configurations had lower values of the cost function χ 2 ITG than W7-X, suggesting that for this device there is probably room for improvement with respect to ITG turbulence. Indeed, as can be seen in Fig. 5(a) , MPX enjoys a weaker ITG transport scaling than W7-X. In addition, MPX also performs better than W7-X in its neoclassical optimization component because of its smaller magnetic ripple [see Fig. 5(b) ]. The overall dimensions of MPX and W7-X are almost identical, but the changes to the magnetic field of W7-X imposed by STELLOPT are significant. For instance, the average elongation, defined as ðϵ t =b 1;0 Þ 2 , where ϵ t is the ratio of the minor to major radius of the torus and b 1;0 is the ðm ¼ 1; n ¼ 0Þ Fourier harmonic of the field strength, drops considerably. Although this change exacerbates the bad curvature, it also has the effect of pushing the flux surfaces apart, thus reducing the local temperature gradient in bad-curvature regions. On the basis of this insight, we selected two more configurations from the W7-X family and carried out flux-surface ITG simulations, in order to assess the effect of elongation on transport. As shown in Fig. 6 , the configuration with the smaller elongation manifests a milder transport scaling, a feature which agrees with the STELLOPT prediction. At the same time, however, reducing the elongation led to the degradation of the neoclassical confinement. These results-which lend themselves to direct experimental testing-justify optimization efforts to design stellarators improved in both transport channels, as achieved in MPX.
The sensitivity of plasma turbulence to the magneticfield geometry is actually even broader than that suggested by the ITG analysis. If the electrons are also treated gyrokinetically, recent analytical theory [27] [28] [29] and numerical results [30] show that density-gradient-driven instabilities are much more stable in some stellarators than in tokamaks. The reason is that these modes are caused by electrons being magnetically trapped in regions of bad curvature. In tokamaks, the trapping regions are located exactly where the magnetic-field curvature is bad (on the outboard side of the torus), while in some stellarators the trapping and bad-curvature regions can be separated from each other. In W7-X and MPX, these regions have small overlap, and linear gyrokinetic simulations show that MPX, too, is resilient against trapped-electron instabilities.
In conclusion, we showed that the distribution of turbulence fluctuations on a stellarator magnetic surface follows a rather localized pattern compared to a tokamak, thus suggesting a plausible explanation for the nonstiff transport observed in present stellarator experiments. This attractive feature is, however, expected to be limited in future reactor-sized devices, stimulating efforts toward further optimizing stellarator magnetic fields for reduced turbulence. In this spirit, we documented a new proof-ofprinciple configuration with this property, based on W7-X. While this investigation focused on quasiomnigenous stellarators, the involved numerical tools can readily accommodate any other optimization line (quasiaxisymmetric, quasihelical, etc.) as well as tokamak configurations with three-dimensional magnetic-field perturbations.
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